Development of a highly sensitive silver stain permits the characterization of trace cellular and body fluid proteins separated by the two-dimensional electrophoresis technique of O'Farrell. Many of the proteins detected by the silver stain in urine, spinal fluid, amniotic fluid, and cells were undetected with the widely used Coomassie blue stain. Trace polypeptides observed in Escherichia coli cell lysates with this silver stain could be detected previously only by growth in radioactive precursors followed by lengthy autoradiography. In situations that do not permit the use of radioactive labeling, as in human clinical studies, the enhanced ability to detect proteins achieved by the silver stain will facilitate metabolic studies and the screening for protein abnormalities in mutational studies and in genetic diseases.
Detection and characterization of proteins is of fundamental importance to many areas of biology and clinical medicine. In some endeavors, such as genetic screening for mutational events and genetic diseases, the efficiency of the search is directly proportional to the number of proteins that can be detected and characterized in cellular extracts or body fluids. Polypeptides that are present in trace amounts are often of great importance. Separation techniques, such as two-dimensional electrophoresis (1) , are capable of resolving thousands of proteins in complex mixtures. However, the most commonly used nonradioactive detection method, Coomassie blue staining, lacks the sensitivity to detect many proteins that are present in low concentrations. Unfortunately, concentration of samples is often counterproductive because more abundant proteins may cause overloading and distortion of the gel patterns. When autoradiography is used with radioactively labeled proteins, less abundant or trace proteins (10-4-10-5% of the total) can be detected (1) . However, whole animals cannot generally be studied by such radioactive methods because prohibitively large amounts of expensive radioactive precursors would be required. Also, radiation hazards would make this type of radioactive labeling in human clinical studies unacceptable.
This inability to detect rare proteins in human and other animal studies has limited the application of two-dimensional electrophoresis, particularly in endocrinology, mammalian metabolism, developmental biology, and immunology.
We have developed a highly sensitive silver staining method that is capable of detecting rare proteins. This silver stain is at least 100 times more sensitive than Coomassie blue stain (2) and is much less expensive and more rapid than autoradiography. When this stain is used on samples of complex biological mixtures separated by two-dimensional polyacrylamide electrophoresis, it is specific for polypeptides.
The application of this silver stain to two-dimensional electrophoretograms of biological and clinical interest is demonstrated in this report. A number of polypeptides were observed in unconcentrated spinal fluid, amniotic fluid and cells, urine, and plasma that could not be visualized in these unconcentrated samples by Coomassie blue staining. The silver stain used in combination with autoradiography of radioactive proteins from pulse-labeled cells in culture may be helpful in screening for proteins that are undergoing altered turnover rates.
MATERIAL AND METHODS
Samples. Escherichia coli [strain, SA500 (X imm21), a gift from Max Gottesman] was grown in a minimal medium (M56) supplemented with 0.5 ml of 1% histidine, 0.47 ml of 1% valine, 0.47 ml of 1% isoleucine, 0.05 ml of 1% biotin, and 0.5 ml of 2% glucose per 100 ml of medium. Cells grown to midlogarithmic phase (at 320C) were transferred to a 420C water bath for 15 min. Mixed '4C-labeled amino acids, 25 ,uCi (specific activities of amino acids ranged from 175 to 516 Ci/mol, NEN-445, New England Nuclear; 1 Ci = 3.7 X 1010 becquerels), were added to 2 ml of bacteria and growth was continued at 42'C for 5 min. Growth was terminated by rapidly chilling the samples in an ice bath followed by rapid addition of 200 ,ul of 10% (wt/vol) Casamino Acids and 20 ,ul of 2 M sodium azide. The bacteria were centrifuged at 12,000 X g for 2 min and the pellet was rinsed with phosphate-buffered saline. The bacterial pellet was stored at -70°C. Specific radioactivity of the protein in the pellet was determined by measuring total protein by the Lowry method (3), whereas protein radioactivity was determined by precipitation of an aliquot in 10% trichloroacetic acid. The precipitate was collected on a Millipore filter, dried, and placed in a scintillation cocktail for determination of radioactivity.
Plasma. Plasma was obtained by collecting blood in sterile heparinized tubes followed by centrifugation at 8000 X g for 10 min at room temperature to remove cells. Urine was collected and centrifuged at 8000 X g for 10 min to remove any cells. Amniotic fluid was centrifuged at 8000 X g for 10 min to separate amniotic cells from the fluid. All samples, including spinal fluid were stored at -70°C.
Treatment of Samples. Samples were denatured in sodium dodecyl sulfate (NaDodSO4) and mercaptoethanol (4) . The E. coli cell pellet and the amniotic fluid cell pellet were denatured by addition of 100,l of 2% NaDodSO4, 5% mercaptoethanol, 20% glycerol, 2% 3/10 Biolyte (Bio-Rad), and 2% Nonidet P-40 (BRL, Bethesda, MD) in a microfuge tube, followed by heating at 95°C for 5 min in a heating block. Spinal fluid, amniotic fluid, urine, and plasma were denatured in a similar manner by mixing with an equal volume of the NaDodSO4/mercapAbbreviation: NaDodSO4, sodium dodecyl sulfate. 4335 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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Staining. Coomassie brilliant blue R250 was used (0.1% in 50% methanol/12% acetic acid) to stain the gel overnight with gentle shaking. Gels were destained with several changes of a 10%/ethanol/5% acetic acid solution. Photographs were taken through a 5500-A narrow band interference filter (Baird Atomic, Bedford, MA).
To stain the gels with silver (2), we first fixed them in 50% methanol/12% acetic acid for 30 min (gels can be stored overnight in this solution). The gels tend to shrink in the 50% methanol solution. To expand them prior to staining we then placed them in 10% ethanol/5% acetic acid for 2 hr, followed by three washes with 10% ethanol (5 min each). The gels were then soaked in 4% (wt/vol) paraformaldehyde/1.43% (wt/vol) sodium cacodylate (adjusted to pH 7.3 with HCI) for 30 min, followed by three 5-min washes with 10% ethanol. The gels were then agitated gently for 30 min in a cupric nitrate/silver nitrate solution (made by dissolving 3.5 g of silver nitrate in 100 ml of water followed by addition of 1.5 ml of 0.5% cupric nitrate solution and then the simultaneous addition of 4 ml of pyridine and 8 ml of ethanol). We have found it necessary to use reagent-grade absolute ethanol in this step. Next, the gels were placed in fresh diammine solution (made within 5 min of use), prepared by mixing together 30 ml of a 19.4% (wt/vol) silver nitrate solution and 22.2 ml of a solution of sodium and ammonium hydroxide [stock solution contains 100 ml of 0.36% NaOH, 45 ml of fresh concentrated NH4OH, and 55 ml of 20% (vol/vol) ethanol]. Diammine solution remaining after the procedure must be discarded because an explosive complex may form upon storage. After the diammine rinse, the gels were washed for 1 min in a reducing solution containing 2.5 ml of 10% formaldehyde (10 ml of commercial formaldehyde solution in 100 ml of water), 6 ml of 1% citric acid, and 100 ml of ethanol in 1 liter of water. This wash was repeated, again for 1 min, followed by several rinses in a second reducer, containing 5 ml of 10% formaldehyde, 5 ml of 1% citric acid, and 100 ml of ethanol in 1 liter of water. The proteins may begin to appear as brown or black spots at any time in the reducing solutions. Staining can be stopped by washing the gel in successive changes of deionized water. Image formation in the diammine step may occur if reagent-grade absolute ethanol and fresh stock solutions are not used. Surface contamination can be minimized by washing the glass slab plates thoroughly, immediately after each electrophoresis run, and using well-washed surgical gloves when handling the gels. The gels are fragile after staining and should be photographed for a permanent record.
Gels that are overdeveloped may be lightened with a photographic reducer such as the copper reducer of Smith (5) . A fresh mixture of equal volumes of two stock solutions ("A" and "B") are required. Solution A contains 37 g of cupric sulfate and 37 g of NaCl dissolved in 1 liter of water with the addition of sufficient concentrated ammonium hydroxide to dissolve any precipitate. A deep blue solution should be formed. Solution B contains 458 g of sodium thiosulfate in 1 liter of water. Usually a 3:1 dilution of water to fresh reducer is used to lighten gels. The reduction is stopped by washing the gel in water.
Stained gels may be kept in water. Gels that are to be dried for storage or autoradiography should be first soaked in 30% (wt/vol) sodium thiosulfate for I5 min followed by four 15-min water rinses. The gels should then be soaked for 5 min in a preserving solution [methanol/H20/glycerol, 70:27:3 (vol/vol)] (6), followed by drying on 3 MM filter paper (Whatman) at 500C under reduced pressure for 2 hr.
Autoradiography. Gels that were to be autoradiographed were dried as described above and then placed in x-ray film cassette holders (Kodak X-omatic, with regular intensifying screens). Exposure was at -70'C with Kodak XR-2 x-ray film for appropriate timed intervals. Films were developed at 250C for 5 min in developer (Kodak KLX developer) followed by a 5-min fix (Kodak X-omatic fixer).
RESULTS AND DISCUSSION Silver Stain for Electrophoretic Gels. In an effort to develop a more sensitive protein detection method than Coomassie blue staining, a number of stains were tried, including fluorometric reagents [fluorescamine and the related reagent 2-methoxy-2,4-diphenyl-3-(2H)-furanone, gifts of Hoffmann-La Roche].
No major increase over the sensitivity achieved with Coomassie blue staining was observed (unpublished observations). Experiments with histological staining methods led to an adaption of a silver staining procedure described by de Olmos (7, 8) , for use in visualizing degenerating structures in the central nervous system. Although the basic mechanism of the stain is unknown, the presence of copper sulfate is reminiscent of the biuret reaction. Specificity of the silver stain for polypeptides was demonstrated by incubating E. coli cell lysates, body fluids, amniotic fluid, and amniotic fluid cell preparations with protease K. This treatment resulted in the disappearance of all discrete spots on two-dimensional gels prepared with these samples that had been treated with protease K and stained with the silver method. Linear proportionality between the density of silver stain and concentration of protein has been observed with purified phosphorylase B and carbonic anhydrase (2) .
The staining procedures as described in this study depends totally on manual manipulations and they are subject to the following four major variables: reagent quality, concentration, time in each reagent, and the temperature of the reagents. The final intensity of the stain is also under the investigator's control by the decision as to when to stop the reduction reaction. Given the above variables, identical gels stained at the same time give similar images. However, comparisons of gels stained at different times require some internal standardization, particularly if any quantitation is to be attempted. With nonradioactive clinical samples, it is possible to add a known quantity of a highly purified [14C]methylated protein to the sample prior to electrophoresis. Densitometry of the spot representing this protein after staining followed by radioactive quantitation serves both as a control for the staining procedure and as a means of monitoring protein loss during the electrophoretic procedures.
Cells Grown in Culture. A typical E. coli two-dimensional protein pattern is shown in Fig. 1 . Only nine of the most abundant polypeptides can be seen with Coomassie blue stain with a sample of 30 ,ug of protein (Fig. 1A) Electrophoretic analysis of urine with commonly used stains requires 100-fold to 1000-fold concentration to detect the trace amounts of protein that are normally present (2-4 mg/100 ml) (9) . One-dimensional electrophoretic methods have proven to be a useful tool in screening for the Bence-Jones protein found in multiple myeloma and as an aid in characterizing types of proteinurias. The use of two-dimensional electrophoresis by Anderson and coworkers (10) on 1000-fold concentrated urine, stained with Coomassie blue, has revealed over 230 polypeptides, which they have categorized into eight subgroups. Unconcentrated urine stained with Coomassie blue revealed no polypeptide spots (Fig. 2E) , whereas silver staining of the same gel revealed over 24 spots (Fig. 2F) . Urine concentrated 20-fold by dialysis against 10% polyethylene glycol (Mr 6000) gives two-dimensional gel patterns, after silver staining, that are comparable to the patterns obtained by Coomassie blue staining of urine concentrated 1000-fold (unpublished observation). The silver staining method reduces the efforts required to analyze large numbers of urine samples by replacing the need for an exhaustive, 1000-fold concentration with a relatively simple 10-to 20-fold concentration method. This should facilitate the development of electrophoresis of urine as a diagnostic tool.
Cerebrospinal fluid also requires concentration, at least 10-fold for protein detection with commonly used stains. Unconcentrated spinal fluid revealed only a single polypeptide on staining with Coomassie blue (Fig. 2C) , whereas the same samples stained with silver revealed more than 50 polypeptides (Fig. 2D) . Horizontally arranged spot series, usually higher on the acidic side of the gel, are noted in the center of the spinal fluid pattern. These patterns have been noted previously (4, 10) .* gels stained with silver permits the detection of over 60 polypeptides compared to 3 with Coomassie blue in the unconcentrated amniotic fluid ( Fig. 3 A and B) . The amniotic fluid cell pattern is marred by the vertical streaking that has been observed on numerous occasions with these samples. Even so, more than 170 polypeptides can be observed (Fig. 3 C and D) . This ability to observe these cellular proteins and the numerous amniotic fluid proteins may facilitate studies such as those described above and may also prove useful in searching for environmental and drug effects on the developing fetus. CONCLUSION Trace or less abundant polypeptides can now be characterized by the use of two-dimensional electrophoresis and silver stain. Previously, less abundant proteins could be observed only with systems in which high specific radioactive labeling could be accomplished. This reliance on radioactive labeling and autoradiography for detection of trace cellular polypeptides essentially limited the use of high-resolution two-dimensional electrophoresis to the study of cells that could be grown in culture with radioactive polypeptide precursors. The silver stain removes this requirement and will facilitate investigations of polypeptide patterns in cells and extracellular fluids as they occur in situ. This will make it possible, for example, to study amniotic fluids and cellular protein patterns for diagnostic evidence of birth defects or comparison of protein patterns in subpopulations of lymphocytes without the need for stimulation with a mitogen, as is now required to obtain sufficient levels of radioactive labeling. The silver stain will also permit the achievement of new levels of protein purification by defining contaminants at lower levels (at least 100-fold) than was possible with Coomassie blue stain. Detection of proteins present in low concentrations, as in urine and spinal fluid, will no longer require extensive concentration.
The development of this silver stain in conjunction with high-resolution protein mapping methods will facilitate the evaluation of metabolic events, pathophysiological processes, and detection of mutations. Neel (21, §) , in discussions of the feasibility of monitoring for changing mutation rates through the use of the protein markers to be found in blood constituents, has calculated that to detect a 50% increase in the frequency of mutation would require two successive samples each of approximately 6,000,000 bits of information. If a series of newborns were examined for 30 different proteins (products of 60 alleles) by one-dimensional electrophoresis, each sample would require blood specimens from 100,000 children. The successful application to this problem of two-dimensional polyacrylamide gel electrophoresis plus the technical developments described in this paper could result in an order-of-magnitude reduction in the number of blood specimens required, with a corresponding increase in efficiency.
